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Disk evolution & Angular momentum transport

molecular cloud

core protoplanetary disk . How much is accretion rate?
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i G . What determines disk size?
A K 2R Rk = ti/GM
~1Mg e protostar £, is large—> disk is big
B E— e B M is large > disk is small
~ 10%3u ~ 10%au

| Angular momentum
Through a disk, . .
surrounding gas transport is important!

accretes to the protostar

A Gas clump collapses
by gravity
— Star formation




Magnetic braking & ionization degree 3
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A disk receives magnetic braking—> The disk size becomes smaller

4oy = [V]agnetic diffusivity =——————high =——>
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<4+— high - |0 niization degree = |OW =———p

The more curved the B field lines,
the greater the magnetic tension is

Main ionization source in star formation region is cosmic rays (CR)




Effect of ionization rate on disk evolution

lonization rate [s ™1 ]: Number of hits by CRs to a H, per second
(~ ovpn typical value : 10 l6g=1 _10-18s71
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Kuffmeier et al.2020

Change in cosmic ray ionization alters disk evolution



Effects of magnetic field on the CR ionization rate 5

Energy density of CRs depends on the distribution of gas & B field lines

dense cloud

AN AN ANsoc

CR propagates along B fields
—> Many CRs propagate
in areas where B field ~ 0.1 pc \
. =2x10%au| P |
lines converge =

Central region is high density
- CR energy is attenuated
\ \ L] / by collisions with gas

Cosmic ray

protoplanetary disk Fujii & Kimura 2022



Mutual interaction of CRs and gas

-

MHD depends on
> lonization degree
by cosmic rays

¢

Interact with
each other

/

Cosmic rays depend on

v

> gas density
> magnetic field

- Calculate {

To understand how cosmic ray ionization affects protoplanetary disks,
we have to consider the mutual interaction of CRs and gas
Cosmic ray transport equation

Non—ideal MHD equation

together




Non-ideal MHD & CR transport equations

Non-ideal MHD
Code : Athena++ (Stone et al.2020)

® Temperature evolution (Zhao+ 2018)

(To + 1.5~ TR for p < 10712
0.6

(TO + 15)(10 12)

0.44
10%0 (T + 15)(10_11) for 10~ < p

for 10712 < p < 10°H
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® Induction equation of non-ideal MHD

0B VX (v XB)
ot v

=V x |noV x B + A2

|B|*
Hall effect is ignored (for simplicity)
Size of dust : 0.1 um

dust-to-gas ratio : 0.01

Mg, Nap are calculated from p, B, T, {
Okuzumi 2009

B X (VX B X B)

Diffusion + single bin approximation
0 Smaller than other terms
—ec+ 7 (eV)—pel -V > enor
=V (KVBC) - AcollnHz €c

K = Kij = K. 8 + (K| — Ko )nimy
K|| — 1OOKJ_ , N = Bl/lBl y Pc = 86/3

Diffuse in direction along B
lonization rate : { = {,, + (1R

@) zp — ACOlleC/SO eV
CRs propagating from interstellar space

® (g g =107s7]
CRs produced by the decay of radioactive
elements in star-forming regions

| Including the effects of CRs through ¢ in the simulation of star formation |




Initial condition & boundary condition 8

() : Solid body rotation
(.Q.tff = 03)

CR (Ex = 30MeV)

> K; = 3.9 X 10%®cm?s™!

K, =39 x10%*cm?s!
Aoy = 3.3 X 107 cm3s1

\collapse /

cloud

2M g, 10K

p = 1.5pgg
ex = 10716571
B, : uniform

(u=2) (lonization rate
at interstellar space)
13400au
Model DD const

lonization rate considering CR transport constant ionization rate




Density & CR ionization rate distribution 9

3 Central region is high densit -1
p(g/cm ) en. ral region is hig gn§| y | (p (S )
—> CR energy is attenuated by collisions with gas

_ 1.0e-08 | o
Zp is attenuated by more than one order of magnitude 7.0e-17

— 1.0e-10 — 6.0e-17
1.0e-12 5.0e-17
1.0e-14 4.0e-17
1.0e-16 3.0e-17
1.0e-18 2.0e-17

Outflow region is connected to the disk by B field lines

M. | 0e-20 — CRs flow into disk through B field lines & CR decrease e .0e-17

Min: 1.6e-20 Min: 9.8e-21




Comparison of disk 10

Rdisk = 24.9au

DD has more visible and extended spiral arms than CT



Magnetic field and ionization rate 11
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B field magnitude & Shape of B field lines 1w

What determines B, ? What determines B ?

( is not attenuated
in envelope

is efficiently
attenuated in disk

B, is brought into disk
by gas accretion

—>Dependent on ( environment
in star forming region

B4 is amplified by differential
rotation in disk
- Dependent on ¢ in disk



Conclusion 13

>

Method

We have investigated the evolution of protoplanetary disks in the early phase of star
formation using a newly developed non-ideal MHD simulation code that incorporates
cosmic ray transport.

Result

1. The value of the ionization rate in the disk is more than one order of magnitude
smaller than the value in interstellar space.

2. DD has more visible and extended spiral arms than CT.

3. B, is similar between the two models, but B is twice as different. It is because ¢ is
efficiently attenuated in disk region and nap is higher in this region.

Discussion
1. What determines the B, in the disk depends on the ( environment around the
molecular cloud core.

2. What determines the By in the disk are depends on the ¢ distribution in disk.






Observation of ionization rate around protostar s
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Class-0 protostar B335 (Cabedo et al. 2023)

Typical value in star-forming region : 10716 — 10~ 1851
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Recently observation : lonization rates are high around star-forming regions
— Actual disk may be smaller than disk considered with typical ionization rates
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Cosmic ray transport method : Multigrid method 16

R (H )
Used CR transport equation is e =V -\KVe)—Acuny,ec

1. discretize using implicit method ' Stable regardless

(backward Euler method + central difference) of timestep

2. solve it using full Multigrid method (Based on Tomida & Stone 2023)

Timescale of diffusion eqis T ~ L?/|D| (L : scale of system, D : diffusion coefficient)
Short wavelength residuals : damp quickly
Long wavelength residuals : damp slowly

= > Long wavelength residuals can damp in fewer iterations using coarse grids

relaxation method Multigrid method damps residuals of

fine grid m all the wavelengths coherently.

prolongate 1 ‘ Restrict ‘
coarse grid ::l:l The number of iterations no longer

relaxation method depends on the original lattice spacing
& it can be significantly reduced.




Time evolution of disk radii 17
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Comparison with disk observation 18

t ~0 t ~ afew10*yr t ~ afew105yr
Core collapse Disassociation of H,
Isothermal collase phase - first core phase Main accretion phase (Class-0, I )
BHR71 IRS2
20
10
-10
~20
-30 ;
-30 -20 -10 0 10 20 (eDisk : Ohashi et al.2023)

X-Axis (au)

Incorporating the attenuation of CR

, , _ . Spiral arms are not visible in observations
makes it easier for spiral arms to form.

iljty of physics that enhance angular momentum transport by the magnetic field, leading to the disap



Future work : Generation of CRs 19

Fermi accretion by shock in accretion flows

Shock is formed by collision of accretionary flow on surface of a protostar
—> Accelerate particles

- =

Magnetic reconnection

' ' - Ki tal. 2023
Accretion by magnetic reconnection ‘mura et a

Jet generated by reconnection generates shock
— Accelerate particles

CRs generated in star-forming region ionize disk

— Magnetic diffusion can be smaller and
angular momentum transport due to the magnetic field can be larger




Test of 1D anisotoropic diffusion

Lot Tty = prev+ 7 - (K 7er) - Acgunis e

x2
Initial condition : ecr ¢ = Aexp (—r—
0
4 ré x?
analytical solution : ecr(Xx,t) = exp|—
Y cr(X, 1) r2rakt P\ 7Ziake
¢ t=0
e t=0.07
0.8 - * 1t=0.14
e t=0.21
0.6 -
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